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I. INTRODUCTION
Research studies of a quasi-Z-source inverter (qZSI)-based photovoltaic (PV) power system are gaining more and more attention, because of its unique features, such as buck-boost power conversion in single stage without extra switch devices, the possibility to turn on the upper and lower switches of one bridge leg at the same time without burning the power devices, and continuous current from the PV panel [1] - [11] . However, PV power is intermittent in nature and produces the fluctuating power to the grid or loads, which cannot meet the demand of users at the stand alone load or the grid-tie operation. To overcome the issues, the battery energy storage (BES) system is combined into the qZSI PV power system in [12] - [20] , and the BES-qZSI PV power system shows some new attractive advantages to: 1) absorb the fluctuation of PV power; 2) smooth the grid-tie power; 3) store the extra PV power; 4) compensate the power difference between the PV power and the load demand; and 5) cope with the wide variation of PV panel voltage.
However, the second-harmonic (2ω) power flows through the capacitors, inductors, PV panel, and battery in the dc side of a single-phase battery energy-stored qZSI PV power system. As a result, 2ω voltage and current ripples in the dc side decrease the quality performance of the whole system. For example, the 2ω component of a battery current will shorten the life span of an energy battery. So, these 2ω ripples have to be minimized or limited in a tolerant range. Some research works were focused on reducing and eliminating the 2ω voltage and current ripple in a single-phase qZSI [21] - [23] . Two smoothing power circuits are employed in [21] to reduce the 2ω voltage ripple of a dc link. A low-frequency harmonic elimination pulse width modulation (PWM) method is proposed in [22] , by analyzing relationship between low-frequency capacitor voltage ripple, inductor current ripple, and Z-source network parameters. An active-filter-integrated single-phase qZSI is proposed in [23] to eliminate the 2ω ripple from dc side. The quasi-Z-source (qZS) inductor and capacitor are used to buffer the 2ω power ripple in [24] and [25] . In [24] , a guideline for calculating the capacitance and inductance in qZS network is presented to limit 2ω ripple of both the dc-link voltage and input current by analyzing the 2ω component model. In [25] , a comprehensive model of a singlephase qZS PV inverter, including the PV terminal capacitance, is built to design the impedance parameters. Whereas, all of them were analyzed under the symmetric qZS network, i.e., L 1 = L 2 and C 1 = C 2 . The symmetric network simplifies the modeling and analysis of a qZS inverter system, but it restricts the freedom of parameters design and leads to oversized impedance parameters. For example, the two capacitors have different effects on the 2ω voltage and current ripple components because of their different locations in the circuit. Under C 1 = C 2 , the two capacitors handle the same 2ω ripple variables, as the 2ω ripple model shown in [24] and [25] . It is inevitable to make one of them much oversized. The same occurs to the two inductors of qZS network.
An asymmetric qZS network can offer reduced size, volume, and cost, and increased power density [17] - [19] , [26] - [28] . In [17] - [19] , [27] , and [28] , asymmetric characteristics of Z-source network are analyzed in order to design controllers. However, they are based on three-phase systems, which have no 2ω ripple issue, even though battery is considered in [17] - [19] . Kayiranga et al. [26] focused on analyzing the abnormal operation modes and suppressing frequency resonance caused by a widebandgapdevices-based asymmetric qZS network and there is no parameter design provided. In addition, battery units are not integrated in the qZSI [26] - [28] . So far, there is no literature reporting a 2ω ripple model of single-phase energy-stored qZSI PV power system with an asymmetric qZS network. There is no parameter design method for this kind of inverter system. This paper proposes an analytical model on 2ω ripple of energy-stored qZSI PV power system which includes battery and has no restriction of L 1 = L 2 and C 1 = C 2 . Based on the built model, the effects from each parameter of the two inductors (L 1 and L 2 ) and three capacitors (C 1 , C 2 , and C in ) on 2ω ripple are investigated. Accordingly, an impedance design method is proposed to mitigate the 2ω ripple through L 1 , C 1 , and C 2 , while L 2 and C in dealing with switching frequency ripple, so as to an asymmetric qZS network and minimizing 2ω ripple flowing into the battery. Simulation and experimental results validate the proposed model and design method.
II. 2ω RIPPLE MODEL AND ANALYSIS OF A BES-QZSI PV POWER SYSTEM

A. Dynamic Model
The configuration of a BES-qZSI PV power system is shown in Fig. 1 . The system combines two inductors L 1 and L 2 , two capacitors C 1 and C 2 , one diode, one PV panel, and one battery module. In addition, Fig. 1 With the qZSI's operating principle, the shoot-through state is added in the conventional zero state during the modulation process. Therefore, each qZSI module operates in two states: shoot-through state and nonshoot-through state [5] , [12] , [14] , as shown in Fig. 2(a) and (b) . The dynamic equations at shootthrough state and nonshoot-through state are written as
and
From (3), (4), and Fig. 2 , the average model of BES-qZSI over one switching period is 
B. 2ω Ripple Current of DC Link
During the shoot-through state, the dc-link voltage is zero, as shown in Fig. 2(a) . As a result, there is no power exchange between dc and ac sides. During the nonshoot-through state, the power is transmitted from dc to ac side. In a switching period, the power between dc and ac sides is balanced, as
where v a is the inverter's output voltage, and i a is the output current. We assume the voltage and current as
where V a and I a are the amplitudes of ac output voltage and current, ω is the angular frequency, and ϕ is the phase angle. The relationship between the output voltage v a and dc-link
where m = M · sin(ωt), and M is the modulation index. From (6) and (7), dc-link current i PN can be obtained as
where the dc component I PN and 2ω componentĩ PN are
MI a cos(ϕ) (10)
C. Built Steady-State Model
From (3)- (5), (10) , and (11), the variables include dc and 2ω components, written as
where the variables with "∼" denote the 2ω components.
1) DC-Component Model:
For the dc component, the average values of capacitor voltage and inductor current are zero over one switching cycle, from (1), (2), and (5), there are
From (13), the dc components are solved as
2) 2ω Component Model: When the dc components are removed from (1), (2), and (5), the 2ω components model can be obtained as
We define the 2ω components of the variables as
where the variables with "ˆ" denote the amplitude values of the 2ω components; and the ϕ k (k = 1, 2, 3, 4, 5) are the phase angles of the 2ω components. From (17), we can get
From (15) , (16) , and (19) , analytical expressions of 2ω voltage ripple on the capacitors and current ripple on the inductors can be solved in (20) , as seen in the right column of this page, where
Note that the model above is built to investigate the propagation of 2ω power from single-phase load to dc side, and figure out the relationship of 2ω ripple voltages/currents and impedance parameters. The 2ω ripple power of single-phase load, no matter standalone loads or grid tie, is the origin, as (7)- (9) show. In addition, (5) 
III. IMPEDANCE DESIGN OF BES-QZS NETWORK
A. Relationship of 2ω Ripple and Impedance Parameters
The built model (20) (1), (2), (14) , and (15), V dc1 and V dc2 have influence on dc components, rather than on 2ω ripple components. R b is included in the built model, but which cannot be changed because it is the internal resistance of battery module and smaller value is better for reducing loss. Therefore, the influence of V dc1 , V dc2 , and R b on the 2ω ripple components will not be discussed.
For BES-qZSI PV power system, high ripple ratios of voltage and current of PV panel and battery will shorten their lifetime; high ripple ratio of dc-link voltage worsens the system performance. From (15), the 2ω current ripples of PV panel and battery are dependent on that of the PV voltage and capacitor-C 2 voltage, respectively. Besides, from (20) , the 2ω ripples of the two qZS inductor currents are dependent on those of the PV voltage, capacitor-C 2 voltage, and dc-link voltage. The current ripples of PV panel and battery can be limited within tolerant range when 2ω voltage components are limited. Thus, the 2ω ripples of the latter three voltages should be given more concern and are mainly discussed in this section. The 2ω peak-to-peak ripple ratios of dc-link peak voltage, PV panel voltage, and capacitor-C 2 voltage are defined, respectively, as
Figs. 3-5 show the 2ω voltage ripple ratios Δv PN , Δv in , and Δv C 2 versus impedance of BES-qZSI, respectively. The condition of V dc1 = 73 V, V dc2 = 36 V, D = 0.25, M = 0.7, and load with 1.5 mH + 10 Ω is applied as an example. Whereas, the 2ω ripple presents the similar behavior for different conditions. Fig. 3(a) shows the 2ω voltage ripple ratio Δv PN versus C 1 and C in when L 1 = 1000 μH, L 2 = 1000 μH, and C 2 = 1000 μF; Δv PN versus C 1 and C 2 is shown in Fig. 3(b) when L 1 = 1000 μH, L 2 = 1000 μH, and C in = 100 μF; Δv PN versus L 1 and L 2 is shown in Fig. 3(c) when C 1 = 4000 μF, C 2 = 1000 μF, and C in = 100 μF; Δv PN versus C 1 and L 1 is shown in Fig. 3(d) when L 2 = 1000 μH, C 2 = 1000 μF, and C in = 100 μF.
From Fig. 3 , it can be seen the 2ω voltage ripple ratio Δv PN of dc-link peak voltage significantly decreases with the capacitance C 1 increasing, and slowly decreases with the induc- tance L 1 increasing, but other parameters (L 2 , C 2 , C in ) have little effects on Δv PN .
From Fig. 4 (c) and (d), L 1 has dominant effect on the 2ω ripple Δv in of PV panel voltage, when compared with L 2 ; C 1 has dominant effect on the Δv in when compared to C 2 . In addition, L 1 and C 1 have similar effect on the Δv in , as Fig. 4(a) shows; C in has dominant effect on the Δv in when C 1 is less than 3000 μF, seen in Fig. 4(b) .
From Fig. 5 (c) and (d), the 2ω voltage ripple ratio Δv C 2 of capacitor C 2 voltage significantly decreases when L 2 and C 2 increase. Moreover, when compared with C 1 and C 2 , the effect of C 2 on the Δv C 2 becomes significant when C 1 is smaller, as seen in Fig. 5(a) . In addition, L 1 also affects the Δv C 2 . 
B. Proposed Impedance Design of BES-qZS Network
The impedance design of the BES-qZS network aims to limit high-frequency (HF) inductor current ripple and HF capacitor voltage ripple, meanwhile, to mitigate the 2ω voltage ripple of Δv PN , Δv in , and Δv C 2 .
1) To Limit HF Ripple: The qZS inductance has to limit the HF current ripple within γ i % of the average current, and qZS capacitance has to limit the HF voltage ripple within γ v % of the average voltage. According to [22] and [24] , the BESqZS inductance and capacitance to limit the HF ripple can be calculated by
where f s are the switching frequency and k sh is the shoot-though time per control period. Table I , where the " √ " indicates that the impedance affects the ripple, and the " " indicates the effect is dominant.
3) Proposed Design Method: From Table I , we propose that the capacitor C in and inductor L 2 are mainly used to limit the HF voltage and current ripple, respectively, and the 2ω voltage ripple is mainly mitigated by L 1 , C 1 , and C 2 because the effects of L 1 , C 1 , and C 2 on the 2ω ripple are dominate. The Fig. 6 . Impedance design process.
flowchart of a design process is shown in Fig. 6 , where Δṽ * PN , Δṽ * in , and Δṽ * C 2 are the desired 2ω voltage ripple ratios, and ΔC step and ΔL step are the step changes of capacitance and inductance, respectively.
From Fig. 6 , the design process includes four steps.
Step 1)
The initial values of L 1 , L 2 , C 1 , C 2 , and C in are set from (22) and (23) to limit the HF voltage and current ripple.
Step 2) The desired value of C 1 is figured out to ensure Δṽ PN ≤ Δṽ * PN by step changing ΔC step from C 1 .
Step 3) The desired value of L 1 is searched out to ensure Δṽ in ≤ Δṽ * in by step changing ΔL step .
Step 4) The desired value of C 2 is calculated to achieve Δṽ C 2 ≤ Δṽ * C 2 by step changing ΔC step from C 2 . Finally, the designed inductances and capacitances are obtained.
IV. SIMULATION AND EXPERIMENTAL INVESTIGATIONS
A test bench of a single-phase BES-qZSI PV power system is used to verify the built model and proposed parameters design method. The built general model is validated on the basis of impedance parameters in [24] , where L 1 = L 2 = 500 μH and C 1 = C 2 = 4400 μF. Asymmetric and symmetric networks are compared through three cases: 1)
The PV panel is STP045 with characteristics of 17.5-V maximum power point (MPP) voltage, 2.6-A MPP current, and 45-W MPP power under the standard test condition.
During the verification of built model and proposed design method, an open-loop control with constant D is carried out to avoid the influence from control action. In practical PV power system, existing closed-loop control methods such as the one in [13] could be performed to handle grid-tie current control, PV MPP tracking, and battery energy management.
A. Verification of the Proposed Model
1) L 1 = L 2 and C 1 = C 2 : Through modifying the parameters in [24] , this case uses L 1 = 1000 μH, L 2 = 500 μH, C 1 = 5400 μF, and C 2 = 4400 μF. A 560-μF capacitor is randomly used as C in . During the test, two PV panels are in series to form 23.5-V PV voltage, battery voltage is 10.8 V, modulation index M is 0.7, shoot-though duty ratio D is 0.25, and the load consists of 1.2-mH inductor and 10-Ω resistor. Fig. 7 shows comparison waveforms of model-based calculation, circuit-based simulation, and experimental results of single-phase BES-qZS PV inverter system. The identical results shown in Fig. 7 2)
, this case uses L 1 = L 2 = 1000 μH and C 1 = C 2 = 4400 μF. A 5000-μF capacitor is randomly used as C in . Table II shows the verified results.
Through modifying the parameters in [24] , this case uses L 1 = 1000 μH, L 2 = 500 μH, and C 1 = C 2 = 4400 μF. A 1000-μF capacitor is randomly used as C in . Table III shows the verified results. 
B. Verification of the Proposed Impedance Design Method
1) Parameters Design and Verification:
The proposed impedance design method is applied to obtain the impedance parameters for a module of BES-qZS-CMI PV system. Each BES-qZSI module has parameters as: three PV panels in series forming the 48-V PV voltage, 24-V battery voltage, and 125-W power rating. The HF ripples of inductor currents and capacitor voltages are limited to 20% and 5%, respectively, i.e., γ v % = 5% and γ i % = 20%. With (22) , (23) HF ripple ratios ofṽ PN ,ṽ in , andṽ C 2 in experimental results. It can be seen that the 2ω voltage ripple ratios are limited within the requirements under the designed impedance values. The HF ripple ratios are also within the tolerant range.
It should be noted that the 2ω voltage ripple (including magnitude and phase) of capacitors C 1 and C 2 are not the same; moreover, the dc-link voltage's 2ω ripple is the sum of them. The 2ω current ripples (including magnitude and phase) of inductors L 1 and L 2 are not the same. This is totally different from [24] .
2) Further Analysis: Single variable method is employed to further validate the parameters design method. The L 2 and C in are designed to handle HF ripple, when one of C 1 , L 1 , and C 2 changes. Table V lists the tested 2ω voltage ripple ratios. It can be seen that the proposed method provides an optimum design.
The single variable method is also applied to study the effect of PV panel voltage and different load conditions on the 2ω ripple, respectively. First, PV panel voltage changes from 20 to 50 V, but the other parameters are kept constant. Table VI shows the tested results. It can be seen that the 2ω voltage ripple ratios are almost constant and always within the designed range even though a wide range of PV panel voltage. The load effect on the 2ω voltage ripple ratios is tested under the 50-V PV panel voltage. Table VII shows the results when load power changes from 85 W to 125 W. It can be seen that the 2ω ripple ratios The traditional symmetrical qZS design method in [24] is again applied to design these parameters for the same system to compare with the proposed design method. According to [24] , to limit 2ω voltage ripple ratiosṽ PN andṽ in within 5% and 2%, respectively, the symmetrical qZS impedance parameters are L 1 = L 2 = 950 μH and C 1 = C 2 = 8500 μF. The corresponding simulation results are shown in Fig. 10 , where the 2ω voltage ripple ratiosṽ PN ,ṽ in , andṽ C 2 are 1.18%, 0.52%, and 1.94%, respectively. Though the former two are within the tolerant range, they are much smaller than the desired ripple ratios of 5% and 2%. Moreover, the parameters are nearly double of the L 2 , fivefold C 1 , and 20 fold C 2 , compared to the asymmetrical qZS network. The reason is that the symmetric qZS network requires the equal L 1 and L 2 , and C 1 and C 2 ; and the two L 1 and L 2 deal with the same 2ω current ripple, and two C 1 and C 2 handle the same 2ω voltage ripple. This constraint limits the freedom to optimize parameters. In addition, the method in [24] does not involve the battery. Whereas, in the proposed asymmetrical design, there is no such limitation and the battery is considered in the built model. The 2ω ripple-dominant passive components are fully used, and each component only handles its dominant 2ω ripple; the others mainly deal with HF ripple. As a result, the proposed asymmetrical design provides smaller impedance parameters of qZS network.
V. CONCLUSION
In this paper, an analytic model was proposed to investigate the 2ω voltage and current ripple of a BES-qZS single-phase PV inverter module. The built model took into account the battery and did not have the restriction of L 1 = L 2 and C 1 = C 2 . The relationships between 2ω voltage ripple and impedance parameters (L 1 , L 2 , C 1 , C 2 , C in ) were discussed. Simulation and experiments with different impedance parameters were carried out to verify the built model. Based on the built model, an impedance design method was proposed to limit the 2ω voltage ripple within the desired range. The proposed design method was verified by the simulation results of an example system. The built model and proposed parameters design method provided an effective way to optimize the impedance network, which did not require L 1 = L 2 and C 1 = C 2 . As a result, smaller L 2 , C 2 , and C in were achieved in a BES-qZS single-phase PV inverter module. She has published more than 60 journal and conference papers, one book, and one book chapter in the area of expertize. Her research interests include impedance-source inverters, cascade multilevel converters, photovoltaic power integration, renewable energy systems, model predictive control, and smart transformers, etc.
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